The results indicate that the net glucose release by the kidney in vivo in normal fed rats was 0.75+0.13 mg/dl per min, and that its contribution to blood glucose was 25.9±5.0%. When unilateral nephrectomy was performed, under the same conditions, renal net glucose release was one-half of that in rats with two intact kidneys, which indicates the quantitative accuracy ofthe isotope-dilution method employed in this study.
INTRODUCTION
It is now well established that all the enzymes involved in gluconeogenesis are present in the kidney as well as in the liver, although the liver is thought to be the main site of gluconeogenesis for production of blood glucose (1) . In the kidney, the total activity of phosphoenolpyruvate carboxykinase (PEPCK),1 a rate-limiting enzyme of gluconeogenesis, is one-fourth of that in the liver (1, 2) . Furthermore, it has been shown that kidney slices (3, 4) or perfused kidney (5, 6) can release glucose into the medium when incubated or perfused with various precursors of gluconeogenesis. These data have raised the question of whether the kidney releases enough glucose to contribute to maintenance of homeostasis of the blood glucose level. There have been many attempts to answer this question by measuring the renal venoarterial (RV-A) difference of the glucose concentration, but the very small RV-A difference, as a result of the rapid renal blood flow, has made it difficult to obtain a definite answer (7) (8) (9) (10) (11) . Bergman and Drury (12) and others (13) (14) (15) showed that the decrease in the blood glucose concentration in eviscerated animals with intact kidneys was less than that in completely eviscerated animals, suggesting net glucose release from the kidney. To study this problem, we developed an isotope-dilution method for quantitative determina-tion of the amount of glucose release from the kidney in vivo. With this method, we attempted to determine the contribution of the kidney to production of blood glucose in rats in the normal state and in abnormal metabolic states, such as diabetes, fasting, or acidosis.
METHODS
Animals. Male Wistar-HLA strain rats, weighing 200-250 g, were obtained from Japan Animal Co. (Tokyo, Japan), and were given free access to water and laboratory chow MF (Oriental Yeast Co., Osaka, Japan). The ambient temperature of the animal room was kept at 25 +1°C, and the lights were switched on from 8:15 a.m. to 8:15 p.m. and off from 8:15 p.m. to 8:15 a.m. Diabetes mellitus was produced by injecting 5 mg/kg body wt of alloxan monohydrate (Sigma Chemical Co., St. Louis, Mo.) intravenously, 1 wk before experiments. The diabetic rats were divided into three groups. The first group was injected subcutaneously with 0.5 U/kg body wt of Lente-insulin (Novo Research Institute, Copenhagen, Denmark) in 0.2 ml of saline for 3 days. The second group was injected with 0.2 ml of saline for 3 days. The third group was freely given a solution of 75 mM NaHCO3 in drinking water for 3 days and then 2 mmol of NaHCO3 in 5 ml of water by stomach tube, 16 and 8 h before experiments. Acidosis was induced by giving a solution of 75 mM NH4C1 freely for 3 days and then 2 mmol of NH4Cl in 5 ml of water by stomach tube, 16 and 8 h before experiments.
Measurement of net glucose release from the kidney. Rats were anesthetized by intraperitoneal injection of 40 mg/kg body wt of pentobarbital sodium (Abbott Diagnostics, North Chicago, Ill.) and laparatomized. At zero time, 1 ,a.Ci of D-[U-'4C]glucose (230 mCi/mmol, Radiochemical Center, Amersham, England) was injected into the inferior vena cava. After 15 min, functional hepatectomy was performed by ligating the superior and inferior mesenteric arteries, the celiac artery, and the portal vein, and 0.8 ml of blood was taken from a femoral artery; functional nephrectomy was performed by ligating the renal arteries and veins. After 35 min, another 0.8 ml of blood was collected from the abdominal aorta, and then the kidneys were rapidly removed and frozen on dry ice. The serum was separated by centrifugation immediately after collecting the blood.
The principle of calculation of the net glucose release from the kidney (R, mg/dl per min) is illustrated in Fig. 1 , where r (mg/min) and u (mg/min) indicate the absolute net glucose release from the kidney and the utilization of glucose in the tissues, respectively. When the total amounts of the radioactive and nonradioactive glucose at the time t (t minutes after the functional hepatectomy) are given as y(t) and x(t), respectively, y(t + dt) and x(t + dt) at time t + dt can be expressed as follows: The resolution of the differential Eqs. 3 Other procedures. For determination of the RV-A difference in glucose concentration in normal fed rats, 0.2 ml samples ofblood were taken simultaneously from the abdominal aorta and the renal vein. Glucose concentration was measured by the glucose-oxidase method (16) . The pH of blood withdrawn anaerobically from the femoral artery was measured with Blood Gas Analyzer MK2 (Radiometer Co., Copenhagen, Denmark). PEPCK was assayed as described previously (17) . Protein concentration was measured by the microBiuret method (18) . Statistical significance was assessed as outlined by Snedecor and Cochran (19) and by Mainland (20) .
RESULTS
Renal net glucose release in normal rats. In normal fed rats, the apparent renal glucose release (A) was calculated to be 1.16+0.12 mg/dl per min from Eq. 5. However, a calculated value of 0.41+0.14 mg/dl per min (B) was obtained even when both the liver and the kidneys were functionally removed. This might be because of leakage of glucose synthesized in the liver from the ligated vessels or to glucose synthesized elsewhere, but it was almost constant from one experiment to another. Thus the true net glucose release from the kidney was obtained by subtracting value (B) from value (A). As shown in Table I , in normal fed rats this value was 0.75+0.13 mg/dl per min and the contribution ofrenal gluconeogenesis to blood glucose was calculated to be 25.9±5.0% from Eq. 7. The quantitative accuracy of this isotope-dilution method was examined by measuring renal net glucose release and its contribution to blood glucose in rats in which one kidney had been functionally removed. The values obtained were approximately one-half of those in rats with two intact kidneys ( Table I) . The RV-A difference for the glucose concentration in normal fed rats was 3.9± 1.0 mg/dl (n = 6).
Renal net glucose release in starved, diabetic, and acidotic rats. Renal net glucose release in starved, diabetic, and acidotic rats was calculated by subtracting value (B) from value (A) for each group. In rats that had been starved for 24 h, the renal net glucose release increased considerably to 0.99+0.08 mg/dl per min, compared with the value of 0.57+0.10 mg/dl per min observed in normal fed rats in the same experiment (Table II) . In alloxan diabetic rats, whose blood glucose concentration was 550+69 mg/dl, the renal net glucose release was increased to 2.28+0.33 mg/dl per min which accounts for 55.3+8.0% of the blood glucose. When diabetic rats were treated with 0.5 U/kg body wt of Lente-insulin for 3 days, their renal net glucose release returned to the normal level. When diabetic rats were treated with sodium bicarbonate for 3 days, the renal net glucose release decreased to 1.88+0.25 mg/dl per min, though it was still greater than the normal level (Table III) . In acidosis induced by oral administration of ammonium chloride solution (Table IV) . In all three conditions, starvation, diabetes, and acidosis, where the renal net glucose release increased, the activity of renal PEPCK, a ratelimiting enzyme of gluconeogenesis, was enhanced significantly (Tables II-IV) . Circadian rhythm of renal net glucose release. We reported previously (2) that PEPCK activity in rat kidney showed a circadian rhythm with the highest activity at 2:00 a.m. and the lowest activity at 2:00 p.m.
We, therefore, examined whether the renal net glucose release also showed a circadian fluctuation with the same pattern as the enzyme rhythm. We found, however, that the renal supply of glucose and its contribution to blood glucose were constant throughout the day, without any significant circadian rhythm, as shown in Fig. 2 .
DISCUSSION
From results obtained in vitro by enzyme assays, and experiments on tissue slices and perfused kidney, it has been suggested that renal gluconeogenesis contributes to maintenance of the blood glucose level in vivo (1) (2) (3) (4) (5) (6) . This conclusion is supported by the findings of Bergman and Drury (12), Reinecke (13), Smith and Long (14) , and Archer et al. (15) that the decrease in blood glucose level after evisceration was less in rats with intact kidneys than in nephrectomized animals. Reinecke (7), Steiner et al. (8), Bollman and Grindlay (9), McCann and Jude (10) , and Churchill et al. (11) measured the RV-A difference for glucose concentration to elucidate the renal contribution to the blood glucose level. They showed that the glucose concentration in renal venous blood was greater than that in aortic blood, but the difference was not statistically significant, presumably because of the quantitative imprecision caused by rapid renal blood flow. Moreover, even when their assay error was reduced, the RV-A difference was nullified in normal animals when the value for the concentration of glucose in venous blood was corrected for urine formation (11) . Their findings are inconsistent with previous ones.
To resolve this complex problem, we developed a highly sensitive and accurate isotope-dilution method. We also reduced the effect of surgical stress by employing functional hepatectomy in place of surgical evisceration. With these methods, we obtained strong We observed a significant positive RV-A difference in glucose concentration of3.9+1.0 mg/dl. By assuming that renal blood flow is 5.2 ml/min per 100 g body weight (22) , the renal net glucose release was calculated from the RV-A difference in glucose concentration to be 0.21±0.05 mg/min per 100 g body wt.
On the other hand, the value for renal net glucose release obtained by the isotope-dilution method in this work was 0.75±0.13 mg/dl per min. By taking the glucose space as 33.0 ml/100 g body wt (23) , the absolute value for renal net glucose release was calculated to be 0.24±0.04 mg/min per 100 g body wt. This value obtained by the isotope-dilution method agrees well with the value obtained from the RV-A difference in glucose concentration.
It was shown that renal net glucose release increased to 0.99±0.08 mg/dl per min when rats were starved for 24 h. From this value, the contribution of renal gluconeogenesis to blood glucose was calculated to be 46.6% during starvation. In studies on the RV-A difference in glucose concentration in humans, Owen et al. (24) found that 45% of the blood glucose formed endogenously was produced by the kidney during prolonged starvation. Thus their results are very similar to ours on starved rats.
Our study showed that when diabetic rats were treated with insulin, their renal net glucose release returned to the normal level. Furthermore, the renal net glucose release was greatly increased in rats made acidotic by oral administration of ammonium chloride. This finding agrees with the report of Goodman et al. (25) that the RV-A difference in glucose concentration was greater in acidotic animals. Accordingly, the acid-base balance is probably important in regulating renal net glucose release in vivo, in addition to influencing humoral factors, such as insulin, glucagon, and glucocorticoids.
Nagai et al. (2) reported that PEPCK activity in the kidney showed a circadian rhythm, closely related with food intake with the highest activity at 2:00 a.m. and the lowest activity at 2:00 p.m. Unexpectedly, however, we could detect no circadian change in renal net glucose release. In other words, we found that the kidney supplied glucose at a constant rate throughout the day, and showed no relation to the rhythm of food intake or activity of the animals. On the other hand, our studies indicate that hepatic glucose release probably does have a circadian rhythm, because the total glucose p1.6 X 1. Clock Time FIGURE 2 Circadian rhythm of renal net glucose release and its contribution to blood glucose. Renal net glucose release and its contribution to blood glucose were measured every 6 h, as described in the legend to (Fig. 2) , but that released from the intestine should be highest during the night when animals eat and lowest in the evening before they eat. We also showed that the hepatic conversion of precursors to glucose in vivo had a circadian rhythm, which was highest in the evening and lowest in the early morning, like the circadian rhythm of hepatic PEPCK activity. 2 We conclude from these data that the liver and kidney work coordinately in maintaining blood glucose homeostasis. The liver supplies glucose with a circadian rhythm in response to the nutritional state of the animals, while the kidney supplies blood glucose steadily to meet the minimal requirement in normal fed rats. Further experiments are needed to determine the mechanism which controls renal net glucose release in vivo.
